ABSTRACT -In fear-conditioning paradigms, rats display a freezing response not only upon presentation of a conditioned stimulus (usually tone), but also when returned to a conditioning chamber (context) in which they received an unconditioned stimulus (usually a foot shock). These paradigms have intrinsic advantages for screening effects of chemicals on learning and memory, although the time-consuming monitoring of freezing time by human observers may be problematic. In this study, an automated apparatus was developed to optimize a fear-conditioning paradigm for screening. We developed an apparatus that records freezing time measured from body movements detected by passive infrared (PIR) sensors. The apparatus detected freezing time as accurately as the human scoring method, and these data were used to determine learning parameters (freezing time to context or to tone) and a non-learning parameter (freezing time to novel context) in the rats. Rats orally administered the neurotoxic compound trimethyltin (TMT) exhibited decreased freezing levels to context, but not to tone or to novel context. These results suggest that this automated method can be an effective part of a screening program.
INTRODUCTION
A simple screening method to assess learning and memory in rats could play an important part in the safety evaluation of chemicals as well as in the preclinical development of memory-enhancing drugs. For example, in addition to first-tier assessment tests such as the functional observational battery (FOB) and evaluation of motor activity and neuropathology, higher cognitive function such as learning and memory must also be assessed in safety evaluations when data suggest potential neurotoxic effects of chemicals (MAFF, 2002; OECD, 1997; U.S. EPA, 1998) . However, little or no information on the cognitive effects of chemicals is obtained from standard toxicity studies or from firsttier neurotoxicity studies (MAFF, 2002; OECD, 1997; U.S. EPA, 1998) . The assessment of cognitive function in guideline-oriented screening studies is not yet straightforward. Specifically, the cognitive evaluation methods available are often not compatible with overall screening methodologies and/or they require a large number of animals and high technical proficiency of personnel. Thus, a simple and sensitive method compatible with standard screening methodologies is urgently needed (Kulig et al., 1996) .
A few pairings of a conditioned stimulus (usually tone) with an unconditioned stimulus (usually electric foot shocks) elicit the freezing response in rodents. This simple behavior is subsequently induced not only by presenting the tone, but also by placing the rodents back into the conditioning chamber (context) in which the shocks occurred (Kim and Fanselow, 1992; Phillips and LeDoux, 1992; Selden et al., 1991) . This paradigm has several intrinsic features that characterize it as a desirable screening method to assess effects of chemicals on brain function. Firstly, the freezing behavior can be acquired in rodents after a single pairing and the conditioned response is conserved for a long time. Secondly, this method of conditioning does not require motivational manipulations involving water or food. Thus, chemicals can be administered via the diet or drinking water, which is often the mode of administration used in screening studies. Thirdly, the learning parameters (such as freezing time to tone and context) and the non-learning parameter (freezing time to a novel context) processed through different neuroanatomical substrates can be measured in an individual experimental unit (a single rat). These multiple measurements provide insights into whether any observed deficits actually represent changes in memory function, or whether they are secondary to other functional impairments such as sensory, motor, or activity changes. Despite these advantages, this paradigm has a potential disadvantage in data collection in that a human observer has usually measured freezing time either from a video recording or by direct observation during experimental sessions. Human scoring methods are often empirical, necessarily subjective, and usually preclude the measurement of large numbers of animals within a limited period. Automated detection of the multiple parameters could, therefore, provide an objective and efficient alternative methodology that does not depend on high technical proficiency of personnel.
To develop an automated screening method, we replaced the human scoring method reported by Kim and Fanselow (1992) with a computer-assisted, automated apparatus to measure freezing time of rats. We selected passive infrared (PIR) sensors to detect spontaneous movements of rats and designed the apparatus to record freezing time based on signals from the sensors. The effectiveness of the automated apparatus was evaluated in rats treated with the neurotoxic compound TMT, which causes learning and memory deficits in many animal models (Bushnell and Angell, 1992; Hagan et al., 1988; Swartzwelder et al., 1982; Walsh et al., 1982a Walsh et al., , 1982b as well as neuronal degeneration in several brain regions including the hippocampus (Bouldin et al., 1981; McMillan and Wenger, 1985) .
MATERIALS AND METHODS

Animals
Specific-pathogen-free, male Fischer 344 rats weighing between 260 − 300 g were used in the present study. Animals obtained from Charles River Japan, Inc. (Kanagawa) were maintained (five animals/cage) in a controlled environment (22 ± 2°C, 55 ± 10% humidity) with a 12 hr light (7:00 -19:00)-dark cycle. The animals were allowed unlimited access to food and water. The experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, NIH No. 86-23, revised 1985 , and succeeding revised editions.
Principle, apparatus, and experimental conditions
Freezing time was defined as the time that rats spent in immobile behavior except for respiration during the test period. It was obtained by subtracting time in motion during the test period from the duration of the test period. The PIR sensor (Supermex ® , Muromachi Kikai, Tokyo) was selected to detect spontaneous movements. The sensor consists of pyro-electric infrared sensors and a multi-Fresnel lens, which can detect motion by infra-red energy of an object (body temperature of animal) when the background energy (background temperature) is constant. Freezing time was recorded with a computer-assisted system based on signals from the PIR sensors. The data were expressed as a percentage of the test period.
To measure multiple (learning and non-learning) parameters, two distinct environmental conditions were prepared. One environment was for conditioning in which rats experienced a few pairings of tone and electric foot shocks, and this was later used for the context test. The other environment was used for novel context and tone tests. Fig. 1A and 1B depict the configuration of the conditioning (and context test) and novel context (and tone) tests, respectively. The apparatus consisted of a sound attenuating cubicle (H, 90 cm; W, 60 cm; D, 60 cm), animal chamber (box and cylinder) and PIR sensors (a). A white bulb (d), dim red lamp (f), speaker (b), and buzzer (c) were placed on the ceiling of the cubicle. A ventilation fan (e) was placed on the upper back wall of the cubicle. In order to avoid dead detection zones, four PIR sensors (a) were horizontally placed 10 cm above the floor on the outside wall of the cubicle. For the conditioning (and context test), a box (H, 20 cm; W, 30 cm; D, 22 cm) was constructed of stainless steel rods (floor, 5 mm diameter; walls and top, 2 mm diameter; 1.5 cm apart) that could deliver electric shocks through the floor, walls, and top. The box was placed in the center of the cubicle. The box was wiped with 5% ammonium hydroxide solution, and the cubicle was illuminated with the white bulb (610 lx) and continuously supplied with white noise through the speaker (60 dB). A tone (2.8 KHz, 85 dB) was presented as the auditory cue through the buzzer. For the novel context (and tone)
Vol. 29 No. 1 tests, visual, spatial, tactile, auditory and olfactory conditions of the environment were different from those used in the conditioning period. A cylinder (H, 22 cm; D, 30 cm) was made of stainless steel mesh (side, 1.0 cm; wire diameter, 0.5 mm) and a white acrylic plastic floor. The cylinder was surrounded by white-black striped plates to emphasize the visual difference. The cylinder was wiped with 1% acetic acid solution, and the cubicle was illuminated with the dim red lamp (10 lx) and quietly ventilated (50 dB). Tone tests were initiated by delivering the auditory cue through the buzzer.
Accuracy of PIR sensor in detecting movement
To verify the accuracy of the sensors, spontaneous movements of rats experiencing electrical foot shocks (0.1 to 1.0 mA, 2 sec, every 2 min for 10 min, 7 days before) were simultaneously monitored by the sensors and by video recording. Specific types of behavior recorded on videotapes were compared with signals from the sensors. Next, freezing time recorded on videotapes was compared with freezing time recorded by the sensors.
Effects of TMT on freezing time
Animals were orally treated with TMT at doses of 1, 2, 4, or 8 mg/kg. With the exception of the 8 mg/ kg group, TMT-treated rats were conditioned 7 days post-TMT treatment and tested 14 days post-treatment. Animals in the 8 mg/kg group were not conditioned due to severe toxic indications (see Results for detail).
Conditioning. On the mornings of conditioning sessions (9:30 -12:00), rats were placed individually in the conditioning box and received five tone (30 sec)− foot shock (during last 2 sec of the tone, 0.4 mA) pairings (90 sec inter-trial interval). The first tone was presented 90 sec after the rats were placed in the box. After conditioning, rats were returned to their home cages.
Context test. On the mornings of test sessions (9:30 -12:00), animals were placed back into the conditioning box under the same environmental conditions that they experienced during the conditioning sessions. Freezing time was measured for 3 min and converted to the percentage of the period.
Novel context and tone tests. On the afternoons of the same day as the context test (14:00 -16:30), rats were transferred to the cylinder with background conditions different from those of the conditioning ses- , and ventilated with a fan (e). A tone was delivered through a buzzer (c) during conditioning. B; Configuration for novel context and tone tests. A cylinder constructed of a stainless steel mesh with a flat floor was used instead of the box and illuminated with a dim red lamp (f), and quietly ventilated with a fan (e). The cylinder was surrounded by white-black striped plates to emphasize the visual differences between conditioning and this session. The tone test was initiated by delivering a conditioned tone through a buzzer (c). See "MATERIALS AND METHODS" for details.
sions. Freezing time to the novel background stimuli was measured for 3 min (novel context test) and thereafter measured for 3 min under the continuous presentation of the auditory cue (tone test).
Histopathological examination
Rats were anesthetized with pentobarbital (35 mg/kg, i.p.) after the tone test and perfused with 10% formaldehyde for 20 min. Brains were removed from skulls, and coronal sections that included the hippocampus were processed as thin paraffin preparations of 5 µm thickness. The preparations were examined with a light microscope after hematoxylin and eosin staining.
Chemicals
Trimethyltin chloride (Sigma Chemical Co., MO) was dissolved in distilled water immediately before oral administration in a volume of 10 ml/kg. Dosages are reported as the salt.
Statistical analysis
Regression analysis was used to determine whether a correlation existed between manual visual and automated freezing time measurements (Snedecor and Cochran, 1989) . Freezing data were analyzed by Dunnett's multiple comparison test (Dunnett, 1955) .
RESULTS
Detection of freezing time and experimental environment
The accuracy of the sensors was evaluated by simultaneously measuring the spontaneous behavior of rats using the automated apparatus and by visual observation. First, the accuracy of the single sensor attached above the animal chamber was evaluated. However, the alignment enabled detection of large movements such as walking and rearing, but not of small movements such as sniffing and face grooming in dead zones of detection (data not shown). Typical results obtained from the four sensors are shown in Fig. 2 . The rat exhibited several behaviors during the observation Fig. 2 . Simultaneous visual and automated measurement of spontaneous rat behavior. The rat was returned to the context in which he had undergone aversive foot shocks (0.4 mA) 7 days before. Ongoing behavior was simultaneously monitored every 2 sec for 5 min by visual monitoring (upper row) and by the automated system (lower row). Open and closed columns represent moving and freezing periods, respectively. The number under the rows refers to the time (sec) after initiation of the observation. Abbreviations: Gb, grooming (body); Gf, grooming (face); H, head moving; R, rearing without physical support; RS, rearing with support of the front legs on the wall; Sn, sniffing; and W, walking.
Vol. 29 No. 1 period including head moving, sniffing, grooming, rearing, and walking (upper row). Between these spontaneous behaviors, the rat exhibited the freezing response characterized by the absence of visible spontaneous movements except for respiratory thoracic movements. Detection of spontaneous movements by the apparatus was almost identical to detection by visual observation (lower row), although specific types of behavior could not be identified. Freezing time data generated by the apparatus and by visual observation were compared (Fig. 3) . The data obtained from the two measures were significantly correlated, indicating that the automated apparatus generates freezing time data that are equivalent to data obtained by visual observation.
The environmental conditions under which the multiple parameters were measured were evaluated (Fig. 4) . The non-conditioned (naïve) rats had lower freezing time levels to the context, the novel context, or the tone. While conditioning did not change the freezing time levels during the novel context test, it markedly increased the levels during the context and tone tests (non-conditioned group vs. 0 mg/kg group). These results suggest that the environmental conditions were sufficiently different to induce freezing behavior in conditioned rats in response to the context or to the tone, while the rats moved spontaneously in the novel context test.
Effects of TMT on freezing time
Next, the effects of TMT on fear-conditioned freezing were studied. Rats in the highest dosage group (8 mg/kg group) were not conditioned due to their aggressive behavior and the marked convulsions of some animals following their transfer from the home cage to the conditioning box. On the contrary, visual observation through a peephole in the cubicle revealed that rats administered doses of 4 mg/kg or less exhibited squeaking, running, and/or jumping during presentation of the shocks (responses not changed by TMT). Fig. 4 summarizes freezing time data during the context, the novel context, and the tone tests. While freezing time during the tone test was not significantly decreased by TMT treatment, the freezing time during the context test was significantly decreased in animals treated with doses of 2 and 4 mg/kg. In contrast, freezing time during the novel context test was not significantly affected in animals treated with up to 4 mg/kg Fig. 4 . Effects of TMT on freezing time in the context, novel context, and tone tests. Rats were orally administered 0, 1, 2, or 4 mg/kg TMT and after seven days, received five pairings of an auditory cue with aversive foot shocks. The freezing time of conditioned and naïve rats was measured for 3 min in the context, novel context, or tone tests 7 days after conditioning. Each column and vertical bar represents the mean ± S. E. M. derived from ten rats. Significantly different from the control (0 mg/kg), *p<0.05 and **p<0.01.
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Histopathology
Histopathological examination revealed marked neuronal degeneration with pyknosis in the CA1 through CA4 regions of the hippocampus and scattered neuronal degeneration in the pyriform cortex at 8 mg/ kg (data not shown). However, animals treated with 4 mg/kg or lower doses had no obvious abnormalities.
DISCUSSION
Overall, the results of this study indicate that freezing time measurements generated by the automated testing apparatus are as precise as measurements generated by visual monitoring of animals. It also demonstrated that the paradigm accurately measures freezing time to the discrete cues associated with either the contextual or the auditory stimuli. In addition, the results obtained from animals treated with TMT suggest that automated freezing time measurements could be an effective part of early safety evaluation of chemicals.
Freezing refers to immobile animal behavior except for respiratory-related movements (Kim and Fanselow, 1992; Phillips and LeDoux, 1992) . Many types of automated measuring devices are available to record spontaneous movements, including photocell chambers, stabilimeters, running wheels, field-sensing and contact-sensing devices, and computerized videoimaging analyzers (Kinnard and Watzman, 1966; MacPhail, 1979, 1982) . Although these devices automatically monitor large movements such as walking and rearing, they cannot separate small movements such as grooming and sniffing from respiratory thoracic movements. However, PIR sensors can differentiate these small movements from respiratory movements as precisely as visual monitoring by observers. One important feature of the apparatus was the horizontal alignment of four sensors to allow for the detection of very fine movements and to prevent dead detection zones.
In order to measure the multiple parameters, the environmental conditions of the novel context session should be sufficiently different from those of the conditioning session to induce the freezing response upon presentation of the auditory cue. Difficulties with measuring high freezing levels to context and auditory cues were recently reported by two laboratories using NIH image analysis (Anagnostaras et al., 2000; Richmond et al., 1998) . In contrast to high freezing levels (50%− 90%) during tone tests, freezing levels during context tests are as low as approximately 20% (Richmond et al., 1998) . Baseline values corresponding to novel context test values are measured prior to conditioning (Anagnostaras et al., 2000) . The successful measurement obtained in this study might be due to adopting the PIR sensors along with the environmental factors. In contrast to NIH image analysis, lighting and reflection do not need to be strictly controlled to obtain accurate PIR sensor readings. Scenery differences were emphasized by the use of striped walls. Successful automated measurement might also reflect the manipulation of environmental factors such as white noise, lighting levels, and/or chamber styles that affect spontaneous movements (Delay, 1981; Kallman, 1983; Reiter and MacPhail, 1982) .
TMT decreased freezing time to the context cues at 2 and 4 mg/kg, but not to the auditory or the novel context cues at doses up to 4 mg/kg. It has been reported that freezing time in response to auditory cues is critically processed by the amygdala and the structures to which it connects (LeDoux et al., 1984; Romanski and LeDoux, 1992) . The neural systems underlying contextual learning also require the hippocampal formation and related cortical structures (Chen et al., 1996; Kim and Fanselow, 1992; Maren and Fanselow, 1997; Phillips and LeDoux, 1992) . Spontaneous behavior is controlled by voluntary and/or emotional motivation through integrated outputs of sensory, motor, and integrative processes of the peripheral nervous system and several brain regions (GarciaRill, 1986; Holstege, 1996; Mogenson et al., 1980; Swerdlow et al., 1986) . Combined with the fact that shock-induced behavior during conditioning was not affected by TMT treatment, these data support the possibility that TMT impairs learning and memory function of the hippocampus and related cortex structures. Although the mechanism was not addressed in this study, impairment was observed at TMT doses that did not produce any histological neuronal changes, suggesting that impairment and morphological changes are not linked. Thus, the manner in which a potential toxicant affects the components of such a multiple parameter model can help to identify the functionallydamaged brain region(s).
Another important aspect for a screening method is its sensitivity for detection of learning and memory deficits. It has been reported that rats orally treated with TMT exhibit deficits in a passive avoidance task at 5 mg/kg or higher TMT doses (Walsh et al., 1982a) , in a radial arm maze at 5 mg/kg or higher (Bushnell and Angell, 1992; Walsh et al., 1982b) , in a HebbWilliams maze at 7 mg/kg (Swartzwelder et al., 1982) , and in a water maze at 7 mg/kg (Hagan et al., 1988) . The fact that freezing time to context cues decreased at 2 mg/kg or higher may suggest that the present method is more sensitive in detecting the effects of TMT than these other paradigms. Furthermore, the data obtained in the present study suggest that the present method is more sensitive at detecting neurotoxic effects of TMT than regular histopathological examination.
Based on these results, this automated paradigm can reliably measure learning parameters (freezing time to context or to tone) and a non-learning parameter (freezing time to novel context) in individual rats. The automated detection of the multiple parameters affected by the neurotoxic compound TMT indicates that this procedure can assist in distinguishing whether any observed deficits represent changes in memory function and which brain region(s) contains functionally-damaged regions. Moreover, the method is sensitive enough to detect impairments in hippocampusdependent memory processes. The automated detection of freezing time could provide an objective, sensitive and efficient model for screening studies by eliminating the need for high technical proficiency and the potential for observer bias.
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